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Historical perspective
JETS IN DIS� New NLO 3-jet calculation NLOJET++ using dipole subtraction method! Z. Nagy, Z. Trocsanyi, IPPP/01/18, hep-ph/0104� Helicity amplitudes crossed from e+e� ! 
� ! 4 jets! Z. Bern, L. Dixon, D. Kosower, S. Weinzierl, NPB 489 (1997) 3! J. Campbell, N.Glover, D.Miller, PLB 396 (1997) 257; 409 (1997) 503! Z. Nagy, Z. Trocsanyi, PRD 59 (1999) 014020; E: 62 (2000) 099902� Agrees with DISASTER++, deviates from DISENT for small xB and y� Reduced dependence on scale QH:S: = 13Pj EBT (j)

5GeV2 < Q2 < 5000GeV2 ;0 < xBj < 1 ; 0:2 < y < 0:6 : (2)Furthermore, we restri
t the (pseudo)rapidity-range inthe laboratory frame and the minimum transverse energyof the jets in the Breit frame as�1 < �jet;lab < 2:5 ; ET > 5GeV : (3)We 
hoose the average transverse momentum of the jets,QH:S: = 13Xj EBT (j) (4)as hard s
attering s
ale. We also studied the other usual
hoi
e, when Q2H:S: is the negative of the momentumtransfer 
arried by the virtual boson (Q2), but have notfound signi�
ant di�eren
es.In Fig. 1, we plotted the 
ross se
tion 
onvoluted withthe CTEQ5M1 parton distribution fun
tions [16℄ and us-ing the two-loop formula for the strong 
oupling,�s(�) = �s(MZ)w(�;MZ) �1� �s(MZ) �1�0 ln(w(�;MZ))w(�;MZ) � ;(5)where w(q; q0) = 1 � �0 �s(q0) ln(q0=q), �s(MZ) =0:118=2� and �1 = 13 (17C2A � 6CFTRNf � 10CATRNf ),with Nf = 5 
avors. For the leading order results weused the CTEQ5L distributions and the one-loop �s(�s(MZ) = 0:127=2� and �1 = 0 in Eq. (5)). We usedrunning MS ele
tromagneti
 
oupling at the s
ale of thevirtual photon momentum squared. In order to showthe weak dependen
e on the parton distribution fun
-tions, we plotted the perturbative predi
tions also usingthe MRST99 parton distribution fun
tions [17℄ (dashedlines). There is no LO �t in the MRST99 set, therefore,in this latter 
ase the LO 
urve is missing.

FIG. 1. The perturbative predi
tion for the three-jet 
rossse
tion �3jet(f
ut) as a fun
tion of f
ut. The solid lines wereobtained using the CTEQ5 parton distribution fun
tions andthe dashed lines with the MRST99 set.
The inset in Fig. 1 shows the K fa
tor (ratio of thethree-jet 
ross se
tion at the NLO to that at the LO a
-
ura
y), indi
ating the relative size of the 
orre
tion. TheK fa
tor exhibits a 
lear maximum, where the 
orre
tionis more than 100% and be
omes smaller than one, imply-ing negative 
orre
tion, for f
ut < 0:2. The position andheight of the maximum as well as that of the pointK = 1depends on the lower limit on the Q2 range. For instan
e,in
reasing the lower limit from 5GeV2 to 100GeV2, thepoint K = 1 moves to about f
ut = 0:03. Negative NLO
orre
tion indi
ates that the resummation of large loga-rithms is ne
essary in order to obtain a reliable predi
tionfor smaller values of the stopping parameter.In Fig. 2 we study the s
ale dependen
es of the three-jet 
ross se
tion at a �xed value of the resolution param-eter f
ut = 0:2. The strong dependen
e on the renor-malization s
ale observed at LO is signi�
antly redu
ed.The fa
torization s
ale dependen
e is already not signif-i
ant at LO and does not 
hange mu
h. Setting the twos
ales equal, �R = �F = �, we 
an observe a wide platopeaking near � = QH:S:.
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FIG. 2. The dependen
e of the three-jet 
ross se
tion �3jetat the �xed value of f
ut = 0:2 on the renormalization andfa
torization s
ales.The �rst measurement of the three-jet 
ross se
tionsin DIS was presented by the H1 
ollaboration in Ref. [5℄.They used the in
lusive k? algorithm to de�ne the jets(the pre
ise de�nition is given in Ref. [18℄), sele
ted three-jet events and plotted di�erential distributions of 
ertainkinemati
al variables. We 
omputed the same distribu-tions at the LO and NLO and 
ompared to the publisheddata 
orre
ted to parton level. In Fig. 3 we present thed�3jet=dQ2 di�erential distribution. We observe that theLO predi
tion has a di�erent shape than the data: toolow for small values of Q2 and too high at high valuesof Q2. The radiative 
orre
tions bring theory and ex-periment mu
h 
loser. Taking the hadronization 
orre
-tions into a

ount, the NLO predi
tion gives a remark-3
Z. Nagy, Z. Trocsanyi, IPPP/01/18, hep-ph/0104� Progress in NNLO jet calculations! talk by T. Gehrmann

Un
ertainties in pdf's

Global analyses (NLO DGLAP)� 14 `diverse' experiments � 1500 data pts� 20+ parameters (starting distributions et
.)

Sour
es of un
ertaintystatisti
alsystemati
 expt. errors | often not randomlydistributed, may depend on theorytheory:higher order QCD
hoi
e of fa
torization and renormalization s
alesresummation 
orre
tions (ln 1=x; : : :)power law 
ontributionsnu
lear target 
orre
tionsparametrization of starting distributions(underlying event)

DIS 2001 Bologna

plenary talk by M.Klasen

Perturbative QCD in 2001

NLO QCD calculations
NLOJET++ MC pp→ 3jets
Nagy

Resummation to (N)LL
higher orders∩parton shower = 0

NNLO only for DIS structure
functions

just appeared in 02/2001:
Soft and virtual corrections
to pp→ H + X at NNLO
Harlander, Kilgore ‘01
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Historical perspective

� !� e+e� ! 
� ! 4!!!� xB y� QH:S: = 13Pj EBT (j)

5GeV2 < Q2 < 5000GeV2 ;0 < xBj < 1 ; 0:2 < y < 0:6 : (2)Furthermore, we restri
t the (pseudo)rapidity-range inthe laboratory frame and the minimum transverse energyof the jets in the Breit frame as�1 < �jet;lab < 2:5 ; ET > 5GeV : (3)We 
hoose the average transverse momentum of the jets,QH:S: = 13Xj EBT (j) (4)as hard s
attering s
ale. We also studied the other usual
hoi
e, when Q2H:S: is the negative of the momentumtransfer 
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ant di�eren
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avors. For the leading order results weused the CTEQ5L distributions and the one-loop �s(�s(MZ) = 0:127=2� and �1 = 0 in Eq. (5)). We usedrunning MS ele
tromagneti
 
oupling at the s
ale of thevirtual photon momentum squared. In order to showthe weak dependen
e on the parton distribution fun
-tions, we plotted the perturbative predi
tions also usingthe MRST99 parton distribution fun
tions [17℄ (dashedlines). There is no LO �t in the MRST99 set, therefore,in this latter 
ase the LO 
urve is missing.
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tor exhibits a 
lear maximum, where the 
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orre
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ut < 0:2. The position andheight of the maximum as well as that of the pointK = 1depends on the lower limit on the Q2 range. For instan
e,in
reasing the lower limit from 5GeV2 to 100GeV2, thepoint K = 1 moves to about f
ut = 0:03. Negative NLO
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tion indi
ates that the resummation of large loga-rithms is ne
essary in order to obtain a reliable predi
tionfor smaller values of the stopping parameter.In Fig. 2 we study the s
ale dependen
es of the three-jet 
ross se
tion at a �xed value of the resolution param-eter f
ut = 0:2. The strong dependen
e on the renor-malization s
ale observed at LO is signi�
antly redu
ed.The fa
torization s
ale dependen
e is already not signif-i
ant at LO and does not 
hange mu
h. Setting the twos
ales equal, �R = �F = �, we 
an observe a wide platopeaking near � = QH:S:.

FIG. 2. The dependen
e of the three-jet 
ross se
tion �3jetat the �xed value of f
ut = 0:2 on the renormalization andfa
torization s
ales.The �rst measurement of the three-jet 
ross se
tionsin DIS was presented by the H1 
ollaboration in Ref. [5℄.They used the in
lusive k? algorithm to de�ne the jets(the pre
ise de�nition is given in Ref. [18℄), sele
ted three-jet events and plotted di�erential distributions of 
ertainkinemati
al variables. We 
omputed the same distribu-tions at the LO and NLO and 
ompared to the publisheddata 
orre
ted to parton level. In Fig. 3 we present thed�3jet=dQ2 di�erential distribution. We observe that theLO predi
tion has a di�erent shape than the data: toolow for small values of Q2 and too high at high valuesof Q2. The radiative 
orre
tions bring theory and ex-periment mu
h 
loser. Taking the hadronization 
orre
-tions into a

ount, the NLO predi
tion gives a remark-3
� !

Un
ertainties in pdf's

● Global analyses (NLO DGLAP)� 14 `diverse' experiments � 1500 data pts� 20+ parameters (starting distributions et
.)

● Sour
es of un
ertainty
❖ statisti
al
❖ systemati
 expt. errors | often not randomlydistributed, may depend on theory

❖ theory:higher order QCD
hoi
e of fa
torization and renormalization s
alesresummation 
orre
tions (ln 1=x; : : :)power law 
ontributionsnu
lear target 
orre
tionsparametrization of starting distributions(underlying event)DIS 2001 Bolognaplenar y talk by A.Martin

Parton distributions

PDFs uncertainties start to
appear

PDF fits from:
MRST; CTEQ; Botje;
Alekhin; Giele, Keller, Kosower

PDFs with NLO evolution only
QCD evolution codes with
O(few%) differences
Les Houches 2001:
benchmarks for NNLO QCD
evolution accurate to 10−5

for 10−8 < x < 0.9
Salam, Vogt ‘02
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Introduction

µ µ

p
fi

i

pj

fj

Q

XQCD factorization

σpp→X =
X

ij

fi(µ
2)⊗ fj(µ

2)⊗ σ̂ij→X

“

αs(µ
2), Q2, µ2, m2

X

”

Hard parton cross section σ̂ij→X calculable in perturbation theory

known to NLO, NNLO, . . . (O(few%) theory uncertainty)

Non-perturbative parameters: parton distribution functions fi,
strong coupling αs, particle masses mX

known from global fits to exp. data, lattice computations, . . .
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Higgs (I)Cross section for Higgs production
Dominant channels for Higgs boson production LHC Higgs XS WG ‘10
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Higgs (II)Higher-order corrections

0

20

40

60

80

1
µr /

 MH

0.2 0.5 2 3

σ(pp → H+X) [pb]

MH = 120 GeV

LO

NLO

N2LO

N3LOSV

√

µr /
 MH

0.2 0.5 2 3

σ(pp → H+X) [pb]

MH = 240 GeV

N2LO

N3LOSV LO

NLO

0

5

10

15

20

1

Apparent convergence of perturbative expansion
NNLO corrections still large
Harlander, Kilgore ‘02; Anastasiou, Melnikov ‘02; Ravindran, Smith, van Neerven ‘03

improvement through complete soft N3LO corrections S.M., Vogt ‘05

or NNLL resummtion Catani, de Florian, Grazzini, Nason ‘03, Ahrens et al. ‘10

Perturbative stability under renormalizaion scale variation
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Higgs (III)Dependence on parton distributions
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NNLO cross section σ(gg → H + X) at Tevatron with PDF
uncertainties bands at 90%CL

largest differences in predictions from PDFs and value of αs

Baglio, Djouadi ‘10; Baglio, Djouadi, Ferrag, Godbole ‘11

e.g. at MH = 165 GeV:
MSTW +35% higher than ABKM; +4.0σ standard deviation
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Higgs searchesHiggs searches at Tevatron and LHC
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SM=1

March 7, 2011

Tevatron New Phenomena & Higgs Working Group http://tevnphwg.fnal.gov/ (left)
CMS coll. arXiv:1102.5429 (right)

Higgs search driven predominantly by gg → H

large perturbative corrections at higher orders enhance signal
assumed Higgs signal at Tevatron relies on particular set of PDFs
and value of αs (−→ MSTW08)

Constraining new physics using Tevatron’s

Higgs exclusion limit R. Boughezal
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Progress in perturbative QCD

Perturbative QCD at work

Multiparticle production at NLO

Precision observables at NNLO

Infrared struture of QCD

Resummation
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Multiparticle production at NLOMultiparticle production at NLO
NLO QCD corrections are essential (important for rates)

large K-factors; beyond tree level new parton channels may
dominate
scale uncertainty; e.g. pp→ Z(→ νν̄) + 4 jets is O(α4

s) and
∆(αLO

s ) ≃ 10% gives ∆(σLO) ≃ 40%

Why is it difficult ?

Outline of a generic NLO calculation

Real corrections
- subtractions (IR-divergent)

Virtual corrections
+ subtractions (IR-divergent)

Cancellation of singularities
Finite partonic cross sections
Phase space integration
Convolution with PDFs
Monte Carlo
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ToolsTools
Automation of real emission (based on LO event generators)

Dipole subtraction
SHERPA Gleisberg, Krauss ‘08; MadDipole Frederix, Greiner, Gehrmann ‘08;
TeVJet Seymour, Tevlin ‘08; AutoDipole Hasegawa, S.M., Uwer ‘08;
Helac/Phegas Czakon, Papadopoulos, Worek ‘09;
Residue subtraction
MadFKS Frederix, Frixione, Maltoni, Stelzer ‘09

Existing NLO packages feature extensive libraries
MCFM Campbell, Ellis; NLOJET++ Nagy, Trocsanyi

Automation of virtual corrections
GOLEM (semi-numerical form factor decomposition)

Binoth, Guillet, Heinrich, Pilon, Reiter ‘08

BlackHat (unitarity and multi-particle cuts)
Berger, Bern, Dixon, Febres Cordero, Forde, Ita, Kosower, Maitre ‘08

CutTools (reduction at integrand level) Ossola, Papadopoulos, Pittau ‘07

Rocket (gen. D-dim. unitarity) Giele, Zanderighi ‘08

Samurai (gen. D-dim. unitarity) Mastrolia, Ossola, Reiter, Tramontano ‘10

+ more packages in development Lazopoulos ‘09; Giele, Kunszt, Winter ‘09;

Melnikov, Schulze ‘10; Gluza, Kajda, Riemann, Yundin ‘10; . . .
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ToolsTools

New
combination of virtual (CutTools) and real (MadFKS) contributions into
automated NLO package: MadLoop
Hirschi, Frederix, Frixione, Garzelli, Maltoni, Pittau ‘11
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Amazing progressAmazing progress

(Almost) industrial effort to calculate all 2→ 3 processes of interest for
LHC

Current frontier 2→ 4 (2→ 5) processes

pp→W± + 3 jets Ellis, Melnikov, Zanderighi ‘09; Berger, Bern, Dixon et al. ‘09

pp→W± + 4 jets Berger, Bern, Dixon et al. ‘10 ← 7-pt-functions
pp→ Z + 3 jets Berger, Bern, Dixon et al. ‘09

pp→ tt̄bb̄ Bredenstein, Denner, Dittmaier, Pozzorini ‘09; Bevilacqua, Czakon,

Papadopoulos, Pittau, Worek ‘09

pp→ tt̄ + 2 jets Bevilacqua, Czakon, Papadopoulos, Worek ‘10

pp→W±W± + 2 jets Melia, Melnikov, Rontsch, Zanderighi ‘10

pp→W±W±bb̄ Denner, Dittmaier, Kallweit, Pozzorini ‘10; Bevilacqua, Czakon,

van Hameren, Papadopoulos, Worek ‘11

pp→ bb̄bb̄ Binoth, Greiner, Guffanti et al. ‘09

e+e− → 5 jets Frederix, Frixione, Melnikov, Zanderighi ‘10

Sven-Olaf Moch Hard QCD at Higher Orders – p.11

http://www-zeuthen.desy.de/~moch


Recent resultsRecent results

Cross sections for pp→W+W−bb̄
at LO and NLO
Denner, Dittmaier, Kallweit, Pozzorini ‘10

scale dependence greatly reduced NLO (MSTW2008NLO)LO (MSTW2008LO)
ps = 7TeVpp!W+(!�ee+)W�(!�����)b�b+X

�=mt
�[fb℄

510.2
16001400120010008006004002000

Sven-Olaf Moch Hard QCD at Higher Orders – p.12

http://www-zeuthen.desy.de/~moch


Recent resultsRecent results

Cross sections for pp→W+W−bb̄
at LO and NLO
Denner, Dittmaier, Kallweit, Pozzorini ‘10

scale dependence greatly reduced
K-factors in distributions not uniform
(e.g. invariant mass Me+b of
positron–b-jet system K

Me+b [GeV℄ 200150100500
1:41:210:80:60:4

NLOLO
ps = 1:96TeVp�p!W+(!�ee+)W�(!�����)b�b+Xd�dMe+;b h fbGeV i

200150100500
1

0.1
0.01
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Recent resultsRecent results

Cross sections for pp→W+W−bb̄
at LO and NLO
Denner, Dittmaier, Kallweit, Pozzorini ‘10

scale dependence greatly reduced
K-factors in distributions not uniform
(e.g. invariant mass Me+b of
positron–b-jet system

Distributions for pp→W± + 3 jets
Berger, Bern, Dixon et al. ‘09

issue of scale choice
µ = EW

T or µ = HT

good convergence with
HT =

P
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Precision observables at NNLOPrecision observables at NNLO

Color-neutral final states
productions of gauge bosons W±/Z or Higgs
fully differential kinematics Anastasiou, Melnikov, Petriello ’05; Grazzini ‘08;
Catani, Cieri, Ferrera, de Florian, Grazzini ‘09 Gavin, Li, Petriello, Quackenbush ‘10

Colored (heavy and light)final states
NNLO is current frontier of technology

Di-jets at NNLO
impact of jet data on PDFs
subtraction formalism Nigel Glover, Pires ‘10; Boughezal, Gehrmann de Ridder,

Ritzmann ‘10; Anastasiou, F. Herzog, A. Lazopoulos ‘10; Bolzoni, Somogyi, Trocsanyi

‘10

Heavy-quark pair-production at NNLO
hadronic tt̄-production (→ much activity)

DIS (complicated by additional scale Q2);
rely on approximations (threshold, OPE for Q2 ≫ m2)

Computing hadronic cross sections through

NNLO R. Boughezal

Three-loop corrections for F
cc

2 F. Wissbrock
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Recent theory (I)Hadronic top-pair production: theory status

Two-loop virtual corrections for qq̄ → tt̄ and gg → tt̄

small-mass limit m2 ≪ s, t, u Czakon, Mitov, S.M. ‘07

complete IR singularities Ferroglia, Neubert, Pecjak, Yang ‘09

analytic results for nf -terms and leading color Bonciani, Ferroglia,

Gehrmann, Maitre, Studerus ‘08; Bonciani, Ferroglia, Gehrmann, Studerus ‘09;
Bonciani, Ferroglia, Gehrmann, Manteuffel, Studerus ‘10;
numerical result for qq̄ → tt̄ Czakon ‘08

one-loop squared terms (NLO × NLO)
Anastasiou, Mert Aybat ‘08; Kniehl, Merebashvili, Körner, Rogal ‘08

Complete one-loop corrections to tt̄ in association with jets
tt̄ + 1 jet at NLO Dittmaier, Uwer, Weinzierl ‘07-‘08; Melnikov, Schulze ‘10

Real radiation qq̄/gg → tt̄ + 2 partons

development of subtraction formalism (including hadronic initial
states and massive final states)
Abelof, Gehrmann-De Ridder, Ritzmann ‘10; Czakon ‘11
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Recent theory (II)Phenomenology beyond NLO
Use universal features of soft/collinear regions of phase space

double logarithms from singular regions in Feynman diagrams
propagator vanishes for: Eg = 0, soft θqg = 0 collinear

k

p

p + k

1

(p + k)2
=

1

2p · k
=

1

2EqEg(1− cos θqg)

αs

Z

d4k
1

(p + k)2
−→ αs

Z

dEg d sin θqg
1

2EqEg(1− cos θqg)

−→ αs ln2(. . . )

Renormalization group evolution of collinear

and infrared divergences N. Kidonakis

Sven-Olaf Moch Hard QCD at Higher Orders – p.15

http://www-zeuthen.desy.de/~moch


Recent theory (II)Phenomenology beyond NLO
Use universal features of soft/collinear regions of phase space

double logarithms from singular regions in Feynman diagrams
propagator vanishes for: Eg = 0, soft θqg = 0 collinear

k

p

p + k

1

(p + k)2
=

1

2p · k
=

1

2EqEg(1− cos θqg)

αs

Z

d4k
1

(p + k)2
−→ αs

Z

dEg d sin θqg
1

2EqEg(1− cos θqg)

−→ αs ln2(. . . )

Renormalization group evolution of collinear

and infrared divergences N. Kidonakis

Threshold resummation
All order resummation of large threshold logarithms

αn
s ln2n(β)←→ αn

s ln2n(N) in heavy-quark velocity β =
q

1− 4m2/s

resummation in Mellin space (renormalization group equation)
long history Kidonakis, Sterman ‘97; Bonciani, Catani, Mangano, Nason ‘98;

Kidonakis, Laenen, S.M., Vogt ‘01; . . .

Upshot (see also SCET developments):

σresummed
ij ≃ exp

“

αs ln2 N
”

+O(N−1 lnn N)
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ResummationTop-quark phenomenology
Threshold resummation

updates of cross section predictions based on resummation
S.M., Uwer ‘08; Cacciari, Frixione, Mangano, Nason, Ridolfi ‘08; Kidonakis, Vogt ‘08;

Beneke, Czakon, Falgari, Mitov, Schwinn ‘09;

Ahrens, Ferroglia, Neubert, Pecjak, Yang ‘10; ‘11

coulomb corrections
Hagiwara, Sumino, Yokoya ‘08; Kiyo, Kühn, S.M., Steinhauser, Uwer ‘08

Top-quark cross sections and differential distri-

butions N. Kidonakis

Global analysis of J/psi production at NLO in

NRQCD B. Kniehl
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ResummationTop-quark phenomenology
Threshold resummation

updates of cross section predictions based on resummation
S.M., Uwer ‘08; Cacciari, Frixione, Mangano, Nason, Ridolfi ‘08; Kidonakis, Vogt ‘08;

Beneke, Czakon, Falgari, Mitov, Schwinn ‘09;

Ahrens, Ferroglia, Neubert, Pecjak, Yang ‘10; ‘11

coulomb corrections
Hagiwara, Sumino, Yokoya ‘08; Kiyo, Kühn, S.M., Steinhauser, Uwer ‘08

Top-quark cross sections and differential distri-

butions N. Kidonakis

Global analysis of J/psi production at NLO in

NRQCD B. Kniehl

Resummation
Matching of NLO calcualtion to parton showers
higher orders ∩ parton shower 6= 0

MCNLO Frixione, Webber ‘06 POWHEG Frixione, Nason, Oleari ‘07

General framework: POWHEG box Alioli, Nason, Oleari, Re ‘10

V + 1 jet production in POWHEG Alioli, Nason, Oleari, Re ‘10

jet-pair production in POWHEG Alioli, Hamilton, Nason, Oleari, Re ‘10

tt̄ + 1 jet production with NLO parton showering
Kardos, Papadopoulos, Trocsanyi ‘11

More to come . . .
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ResummationTop-quark phenomenology
Threshold resummation

updates of cross section predictions based on resummation
S.M., Uwer ‘08; Cacciari, Frixione, Mangano, Nason, Ridolfi ‘08; Kidonakis, Vogt ‘08;

Beneke, Czakon, Falgari, Mitov, Schwinn ‘09;

Ahrens, Ferroglia, Neubert, Pecjak, Yang ‘10; ‘11

coulomb corrections
Hagiwara, Sumino, Yokoya ‘08; Kiyo, Kühn, S.M., Steinhauser, Uwer ‘08

Top-quark cross sections and differential distri-

butions N. Kidonakis

Global analysis of J/psi production at NLO in

NRQCD B. Kniehl

Resummation
Other kinematical regimes

small x

small ln pT

Time-like small x resummation for Fragmenta-

tion Functions P. Bolzoni

The high-energy resummation of rapidity func-

tions S. Marzani

QCD resummation for new variables to study

dilepton transverse momentum S. Marzani

Jet masses and jet shape calculations for the

LHC M. Dasgupta
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Non-perturbative parameters

Input for collider phenomenology
Parton distribution functions

Strong coupling constant αs(MZ)

Masses of heavy quarks mc, mb, mt
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PDFsParton distribution functions
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2 ) A

B
K

M

(a)

Gluon distribution at low scales Q = 2 GeV
comparison from NNLO fits (uncertainties bands at 1σ)
Alekhin, Blümlein, Jimenez-Delgado, S.M., E. Reya ‘10
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PDFsParton distribution functions
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(b)

Gluon distribution at high scales Q = 160 GeV
comparison from NNLO fits (uncertainties bands at 1σ)
Alekhin, Blümlein, Jimenez-Delgado, S.M., E. Reya ‘10
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PDFsParton distribution functions
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(b)

Gluon distribution at high scales Q = 160 GeV
comparison from NNLO fits (uncertainties bands at 1σ)
Alekhin, Blümlein, Jimenez-Delgado, S.M., E. Reya ‘10

Implications for Higgs predictions at LHC
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PDFsParton distribution functions
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(b)

Gluon distribution at high scales Q = 160 GeV
comparison from NNLO fits (uncertainties bands at 1σ)
Alekhin, Blümlein, Jimenez-Delgado, S.M., E. Reya ‘10

Implications for Higgs predictions at LHC

Updated NNLO PDFs and the standard candle

processes benchmarking S. Alehkin

CTEQ-TEA: towards an NNLO global PDF

analysis P. Nadolsky

Progress in the NNPDF analysis J.Rojo
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KinematicsKinematics
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NNPDF2.1 dataset (at 14 TeV)LHC at 7 TeV
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Kinematics of data used in PDF fits;
e.g. NNPDF (left)

QCD volution of PDFs in Q2 over three orders from DIS and
fixed-target data to LHC energies

evolution to NNLO accuracy required
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Tevjets 1-jet inclusiveTevatron jet data (D0) – 1-jet inclusive

D0(1jet) - NNLO(evol) + NNLOapprox(coeff)
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 Run II inclusive jet data (cone, R = 0.7)∅D
 = 114 for 110 pts.2χ),  JET

T
 = p

F
µ = 

R
µMSTW 2008 NLO PDF fit (

PDF fits to Tevatron jet data (with NNLOapprox corr. Kidonakis, Owens ‘01)
Alekhin, Blümlein, S.M. ‘11 (left); MSTW arXiv:0901.0002 (right)

3-flavor PDFs for DIS, 5-flavor PDFs for jets, scale µr = µf = ET
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Tevjets di-jetsTevatron jet data (D0) – di-jet invariant mass

D0(2jet) - NLO(evol) + NLO(coeff)
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Predictions for Tevatron di-jet data (no NNLO corrections known)
Alekhin, Blümlein, S.M. ‘11 (left); D0 coll. arXiv:1002.4594 (right)

Uncertainty due to missing NNLO corrections; scale µr = µf = MJJ
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Strong coupling constantStrong coupling constant

DIS 2001 Bolognasummary talk by M.Fontannaz
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Strong coupling constantStrong coupling constant
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M

Z2 )

World average
αs(MZ) = 0.1184± 0.0007
Bethke arXiv:0908.1135

Compilation of αs(MZ) values from DIS
Blümlein, Böttcher arXiv:1101.0052

αs(MZ) = 0.1135± 0.0014 at NNLO
ABKM ‘09
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Strong coupling constantStrong coupling constant

0.11 0.12 0.13
α  (Μ  )s Z

Quarkonia (lattice)

DIS  F2 (N3LO) 

τ-decays (N3LO)

DIS  jets (NLO)

e+e– jets & shps (NNLO) 

electroweak fits (N3LO) 

e+e– jets & shapes (NNLO) 

Υ decays (NLO)

0.11 0.115 0.12 0.125 0.13

NNLO event shape moments, analytic power corr.
(JADE/OPAL: Gehrmann, Jaquier, Luisoni)

NNLO+N3LLA thrust, shape function
(LEP/PETRA/SLD/AMY: Abbate et al.)

NNLO+N3LLA heavy jet mass 
(ALEPH/OPAL: Chien, Schwartz)

NNLO+N3LLA thrust
(ALEPH/OPAL: Becher, Schwartz)

NNLO three-jet rate
(ALEPH: Dissertori et al.)

NNLO+NLLA event shapes
(JADE: Bethke et al.)

NNLO+NLLA event shapes
(ALEPH: Dissertori et al.)

NNLO event shapes
(ALEPH: Dissertori et al.)

exp. th.PDG 2010:
0.1184 ± 0.0007

World average
αs(MZ) = 0.1184± 0.0007
Bethke arXiv:0908.1135

also other determinations:
αs(MZ) = 0.1161± 0.0045 (NLO)
from Tevatron jet data D0 Coll. ‘10

Compilation of αs(MZ) values from
e+e− → 3 jets Gehrmann ‘11

αs(MZ) = 0.1135± 0.0002(exp)±

0.0005(had)± 0.0009(pert)

at NNLO + NNLL res.
Abbate, Fickinger,Hoang, Mateu, Steward ‘10
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Heavy-quark massesHeavy-quark masses

L = −
1

4
FµνFµν +

X

flavors

q̄ (i /D −mq) q , Dµ = ∂µ + igsAµ

QCD Lagrangian with formal parameters (no observables)

strong coupling αs = g2
s/(4π)

αs → asymptotic freedom, running coupling (MS scheme)
quark masses mq

mq → pole mass or running mass (MS scheme)
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Heavy-quark massesHeavy-quark masses

L = −
1

4
FµνFµν +

X

flavors

q̄ (i /D −mq) q , Dµ = ∂µ + igsAµ

QCD Lagrangian with formal parameters (no observables)

strong coupling αs = g2
s/(4π)

αs → asymptotic freedom, running coupling (MS scheme)
quark masses mq

mq → pole mass or running mass (MS scheme)

Schemes (in a nut shell)
Pole mass scheme

q

g
based on (unphysical) concept of heavy-quark being a free parton

/p−mq − Σ(p, mq)

˛

˛

˛

˛

p2=m2
q

pole mass measurements are strongly order-dependent

MS mass definition m(µr) realizes running mass

short distance mass probes at scale of hard scattering
scale dependence greatly reduced
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Running mass in DISQuark masses in PDF fits
Choice of value for heavy-quark masses part of uncertainty

PDF fits assume pole mass scheme for heavy-quarks
numerical values systematically lower than those from PDG
(2-loop conversion to pole mass)

[GeV] PDG ABKM GJR HERAPDF MSTW CT10 NNPDF2.1

mc 1.66 +0.09
−0.15 1.5 +0.25

−0.25 1.3 1.4 1.3 1.3 1.41

mb 4.79 +0.19
−0.08 4.5 +0.5

−0.5 4.2 4.75 4.75 4.75 4.75
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Running mass in DISQuark masses in PDF fits
Choice of value for heavy-quark masses part of uncertainty

PDF fits assume pole mass scheme for heavy-quarks
numerical values systematically lower than those from PDG
(2-loop conversion to pole mass)

Charm structure function

F2 
charm (ABKM_3 NNLO)

Q2 = 10 GeV2, x = 10-3

µ2 = Q2 + 4 mc
2

pole mass mc (GeV)

LO
NLO
NNLOapprox
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1 1.5 2

Running quark masses in DIS
improved convergence
reduced scale dependence

Comparison with pole mass scheme
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Running mass in DISQuark masses in PDF fits
Choice of value for heavy-quark masses part of uncertainty

PDF fits assume pole mass scheme for heavy-quarks
numerical values systematically lower than those from PDG
(2-loop conversion to pole mass)

Charm structure function

F2 
charm (ABKM_3 NNLO)

Q2 = 10 GeV2, x = 10-3

µ2 = Q2 + 4 mc
2

running mass mc(mc) (GeV)

LO
NLO
NNLOapprox
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1 1.5 2

Running mass

Direct determination of mc(mc)
Alekhin, S.M. ‘10

NLO
1.26 ± 0.09 (exp) ± 0.11 (th) GeV

NNLOapprox

1.01 ± 0.09 (exp) ± 0.03 (th) GeV

PDG quotes running masses:
mc(mc) = 1.27+0.07

−0.11 GeV

Implicit αs(MZ) dependence in mc(mc)

determination from QCD sum rules
Dehnadi, Hoang, Mateu, Zebarjad ‘11
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Parallel contributionsRelated parallel contributions

Running mass definition for DIS S. Alehkin

NNLO contributions to heavy-quark scattering

in SACOT scheme M. Guzzi

D- and B-hadron production at NLO in the

GM-VFN scheme vs. LHC data B. Kniehl

MSTW on HQ R. Thorne
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Running top-quark massRunning top-quark mass
Direct determination from total cross section Langenfeld, S.M., Uwer ‘09

MS mass m = 160.0+3.3
−3.2GeV

conversion to pole mass mt = 168.9+3.5
−3.4GeV

world avergage mt = 173.3+1.1
−1.1GeV
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Running top-quark massRunning top-quark mass
Direct determination from total cross section Langenfeld, S.M., Uwer ‘09

MS mass m = 160.0+3.3
−3.2GeV

conversion to pole mass mt = 168.9+3.5
−3.4GeV

Implications for indirect Higgs searches
constraints on MH from electroweak precision data
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 = 114 GeV
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 = 400 GeV

light SUSY

heavy SUSY

SM
MSSM

both models

Heinemeyer, Hollik, Stockinger, Weber, Weiglein ’09

experimental errors 68% CL:

LEP2/Tevatron (today)

mt from running mass (Langenfeld, Moch, Uwer ’09)
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Conclusions

QCD is mature theory

Predictions with unprecedented precision
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Conclusions

QCD is mature theory

Predictions with unprecedented precision

Perturbative calculations
NLO corrections for large number of multileg processes

Resummation: merging NLO and parton showers;
threshold or ln pT resummation to NNLL; SCET

NNLO current frontier in collider phenomenology:
di-jets, DIS 1-jet inclusive, tt̄ hadro-production, etc.

Non-perturbative input
Parton distributions in the focus: NNLO to become industry standard

Values of αs(MZ): some tension with world average

heavy quark masses: study of scheme dependence required by
precision of experimental data
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